Background and PurposezzMeasuring the extent of the collateral blood vessels using computed tomography (CT) angiography source images may promote tissue survival and functional gain in acute ischemic stroke patients who are candidates for endovascular recanalization treatment.
INTRODUCTION
With a recent successful series of endovascular recanalization through stent-retrivers, [1] [2] [3] [4] [5] fast and unblemished recanalization of occluded cerebral arteries has become an achievable goal in the treatment of hyperacute ischemic stroke. Therefore, the latest clinical practice guideline recommends an endovascular recanalization strategy for an acute ischemic stroke of moderate severity if the intervention can be applied within 6 hours from last seen normal. 6 However, stroke physicians worldwide are still waiting for a reasonable decision strategy to initiate this treatment in individual cases, since 29% to 59% of cases show profound functional dependence or mortality even after applying groundbreaking treatment. A strategy therefore needs to be developed for identifying the best candidates for endovascular recanalization treatment.
Currently, the suggested indications for endovascular recanalization include the baseline 
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neurological severity, time delay from onset, and extent of irreversible infarction. 6 However, these conventional indicators are representative characteristics only for those patients who show a favorable clinical response to treatment, and so they are of limited relevance to the condition of the ischemic brain in individual cases. Among the various advanced imaging techniques used to measure personalized ischemic/perfusion status, collateral imaging based on computed tomography (CT) angiography has been suggested as a good alternative due to its simplicity, speed, reliability, and practicality. [7] [8] [9] [10] [11] The collateral circulation seems functionally inactive in the normal and stable brain, but it becomes therapeutically relevant in the treatment of acute ischemic stroke, since rescue cerebral blood flow may be perfused through alternative channels. 12, 13 It is therefore reasonable to suppose that acute ischemic stroke patients with a sufficient collateral perfusion might have viable and reversible brain tissues-such patients may thus be good candidates for endovascular revascularization, which is inevitably delayed due to difficulties in logistics, the recruitment of intervention teams, and the accessibility of the occlusion site. 14 In this context, the primary purpose of the present study was to determine the association between the baseline collateral status and stroke outcomes after endovascular recanalization, including functional recovery and the status of the radiological infarction. We also investigated the effects of the infarct volume on the initial collateral flow and the final functional status.
METHODS

Study population
In total, 5,558 stroke patients were admitted to Seoul National University Bundang Hospital between July 2007 and February 2014. The authors identified analyzable cases from among them by applying the following inclusion criteria: 1) ischemic stroke with relevant infarction that was documented by relevant neuroimaging studies (n=4,045), 2) patient arriving within 4 hours since last seen normal (n=946), and 3) severe stenosis or occlusion in the internal carotid artery or proximal middle cerebral arteries including the main stem (M1) or secondary trunks (M2) (n=401). The following exclusion criteria were also applied: 1) missing modified Rankin Scale (mRS) score at 3 months after stroke (n=19), 2) no CT angiography evaluation or CT angiography being performed after the induction of intravenous thrombolysis (n=188), 3) hemodynamically irrelevant stenosis or a bilateral steno-occlusion that prevented measurement of the collateral status (n=46), or 4) no endovascular recanalization treatment (n=42). Application of the inclusion and exclusion criteria finally resulted in 104 cases being eligible for the current analysis. Acute stroke management (including hyperacute recanalization) was performed according to the current clinical practice guidelines for stroke care, institutional protocols, and at the discretion of individual physicians with direct liability. 15, 16 This study was approved by the Institutional Review Board at Seoul National University Bundang Hospital (IRB approval no. B-1408-264-108).
Definition and collection of clinical information
We collected baseline demographic and clinical information for all study participants, including age, sex, body mass index, initial systolic and diastolic blood pressures, history of previous stroke, functional status before stroke, and cardiovascular risk factors such as hypertension (defined as previous use of antihypertensive medication, systolic blood pressure >140 mm Hg, or diastolic blood pressure >90 mm Hg at discharge), diabetes mellitus (defined as previous use of glucose-lowering medication or hemoglobin A1c ≥6.5%), hyperlipidemia (defined as previous use of lipid-lowering medication, fasting low-density lipoprotein cholesterol >160 mg/ dL, or fasting total cholesterol >240 mg/dL), and habitual smoking (including current or past regular smoking). [17] [18] [19] We obtained laboratory data of the patients, including the initial levels of glucose, hemoglobin A1c, hemoglobin, total cholesterol, high-density lipoprotein cholesterol, triglycerides, and low-density lipoprotein cholesterol, and the leukocyte count and prothrombin time. The stroke characteristics included the time interval between the onset of symptoms and time of arrival, the National Institutes of Health Stroke Scale (NIHSS) score at admission, and treatment information. The functional status at 3 months after stroke was measured using the mRS score, which was determined through a structured telephone interview by an experienced physician assistant (M.-H. Yang).
Acquisition of CT angiography source images and evaluation of neuroimaging data
Nonenhanced CT and CT angiography images were acquired according to standard departmental protocols with a 64-or 256-channel multidetector CT scanner (Brilliance 64 or Brilliance iCT, Philips Medical Systems, Eindhoven, the Netherlands). Nonenhanced CT was performed with the patient in a head holder in the transverse plane with minimal variations between scanners, and with scanning parameters of 120 kVp, 250 mAs, and 5-mm section thickness. CT angiography was performed with the administration of 80 mL of a nonionic contrast agent (Iomeron 350, Bracco Imaging Korea, Seoul, Korea) via an 18-or 21-gauge intravenous catheter at an injection rate of 3-5 mL/second using a power injector (Me-JCN drad Power Injector, Medrad, Indianola, PA, USA). The scanning parameters for 64-channel CT were 120 kVp, 250 mAs, 64-mm beam collimation, 0.5-second rotation time, 1-mm section thickness, and 0.985:1 pitch, while those for 256-channel CT were 80 kVp, 175 mAs, 128-mm beam collimation, 0.4-second rotation time, 1-mm section thickness, and 0.601:1 pitch. Images were obtained from the aortic arch through the skull vertex. The particular CT scanner used was randomly selected based on immediate availability.
Collateral status was measured primarily using a method proposed by Maas et al. 8 Briefly, CT angiography source images of a 2-mm section were used to assess the presence of collateral vessels in the Sylvian fissure and leptomeningeal convexity separately. The collateral vessels in these two structures were graded in a comparison manner for the occluded hemisphere against the patent hemisphere as follows: 1, absent; 2, less than the patent contralateral side; 3, equal to the patent contralateral side; 4, greater than the patent contralateral side; and 5, exuberant. The anterior communicating arteries (A-comm) and posterior communicating arteries (Pcomm) were also graded, as follows: 1, absent; 2, borderline present; 3, probably present; 4, definitely present; and 5, robust. The collateral status was separately categorized into insufficient (grade ≤2) and sufficient (grade ≥3). Two stroke neurologists performed the evaluation of the collateral status (J.-W. Chung and J.Y. Kim), and any disagreement was settled by discussion with a third reviewer (B.J. Kim). The reviewers were blinded to the clinical profiles, functional recovery, and infarction volume as measured using magnetic resonance imaging (MRI), but they were inevitably aware of the involved hemisphere and early ischemic changes detectable on the CT scan. The intraclass coefficient between the initial reviewers was 0.941 for Sylvian fissure collaterals, 0.971 for leptomeningeal convexity collaterals, 0.981 for Acomm, and 0.990 for P-comm.
The infarction volume was measured semiautomatically on the follow-up fluid-attenuated inversion recovery images of 84 available cases obtained 5-7 days after stroke onset (by J.-W. Chung) using MIPAV software (version 7.0.1, National Institutes of Health, Bethesda, MD, USA). The reperfusion status was assessed in postrecanalization conventional angiography images using the modified Thrombolysis in Cerebral Infarction (TICI) score 20 by two reviewers (J.-W. Chung and H.-K. Park) who were blinded to the study purpose and clinical characteristics (kappa value=0.919 for a modified TICI score of ≥2b).
Statistical analyses
We analyzed differences between the groups using chi-squared tests for categorical variables and the independent-samples t-test or Fisher's exact test for continuous variables, as appropriate. Binary and ordinal logistic regression models were used to evaluate the association between the initial collateral status and the clinical outcomes at 3 months after stroke based on the mRS score and mortality rate. Due to the smallness of the sample, multivariable models were construct- 
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ed in a stepwise manner by adding prespecified variables, and the number of covariates was limited to less than one-tenth of the number of outcome occurrences. The possible mediating factors were analyzed using a previously reported macro. 21, 22 The cutoff for significance was set at p<0.05 in twotailed tests. Statistical analyses were performed using Stata (version 14, StataCorp LP, College Station, TX, USA).
RESULTS
In total, 104 patients who arrived within 4 hours after last seen normal and who had received endovascular recanalization treatment were included in the analysis. Men comprised 53% of the sample, and the subjects were aged 68±13 years (mean±SD). The patients arrived at the hospital at a median of 57 minutes (interquartile range=38-89 minutes) after last seen normal, with a median NIHSS score of 16 points (interquartile range=12-20 points). On the initial CT angiography source images, the collateral circulation was sufficient in 47% and 49% of cases involving the Sylvian fissure and leptomeningeal convexity collateral vessels, respectively (Supplementary Table 1 in the online-only Data Supplement). After hyperacute treatment, successful recanalization to a modified TICI score of ≥2b was achieved in 89% of the cases; the mRS score was 0-2 at 3 months after stroke in 44% of the cases, but 15% of the patients had died at 3 months (Table 1) . Among the indices for collateral circulation, A-comm and Pcomm grades were irrelevant to collateral vessels at the Sylvian fissure and leptomeningeal convexity (Supplementary Table  2 in the online-only Data Supplement), and so these gradings were excluded from the analysis.
Regardless of the measurement location, the collateral circulations at the Sylvian fissure and leptomeningeal convexity showed comparable distributions of baseline clinical charac- 
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teristics and outcome profiles (Table 2) . Cases with a sufficient collateral circulation had a significantly lower NIHSS score at arrival and a lower volume of infarct tissue on followup MRI scans (which were available in only 84 cases). This resulted in the groups with a sufficient collateral circulation showing improved outcome indices at 3 months after stroke. Multivariate logistic models showed that a sufficient collateral circulation of the Sylvian fissure was favorably associated with a functional recovery and decreased mortality rate at 3 months after stroke after adjusting for the NIHSS score at arrival. However, this association consistently became nonsignificant when the infarct volume was added to the model (Table 3, Fig. 1 ). Additional bivariate analyses of subjects with an insufficient collateral circulation showed age and successful recanalization were two baseline characteristics that independently affected the functional recovery at 3 months after stroke (Table 4) .
Due to the small number of available samples, the mediat- 
ing effect of the infarct volume between the collateral status and clinical outcome was evaluated only for mRS scores of 0-2 at 3 months. When adjusted for age and male sex, the estimates (with 95% confidence intervals) of a controlled direct effect, a natural direct effect, a natural indirect effect, and a marginal total effect were 2.43 (0.57-10. 
DISCUSSION
From our analysis of 104 hyperacute ischemic stroke patients who were treated with an endovascular recanalization procedure, we found that a sufficient baseline collateral status measured at both the Sylvian fissure and leptomeningeal convexity was associated with a favorable clinical outcome after stroke. This association was partially mediated by the extent of the infarcted tissues measured at follow-up in MRI scans.
The latest clinical guideline for endovascular recanalization treatment of hyperacute ischemic stroke patients suggests that various imaging parameters (including the collateral status) require additional diagnostic information in order to be useful in clinical practice. 6 However, it is reasonable to suggest that some endovascular cases can fall outside the scope of the guideline's recommendation, such as those with a milder neurological severity but a larger perfusion defect or a delayed arrival and a greater extent of viable tis- 
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sues. 23 Among the advanced imaging parameters, evaluating the collateral vessels on CT angiography source images has the following advantages: 1) it is a more widely available technique than MRI, 2) it does not require a time-consuming image reconstruction process, 3) it is noninvasive compared to angiography, 4) it shows higher interrater agreement, and 5) it offers a reliable measurement of the extent of collateral vessels and the prediction of clinical outcomes after stroke. 10, 13, [24] [25] [26] A recent clinical trial that incorporated a dynamic evaluation of CT angiography collaterals in the case selection procedure successfully demonstrated the efficacy of an endovascular intervention. 3 The results of our study were consistent in showing that a sufficient baseline collateral perfusion may delay the evolution of an irreversible infarction over a median of 4.5 hours and thereby improve the clinical outcome of an endovascular-treated stroke.
The normal cerebral blood flow is more than 50 mL/100 g brain tissue/minute, and a reduced blood flow may lead to clinical signs of ischemia and irreversible death within minutes. [27] [28] [29] Additionally, in spite of a timely intervention, the recanalization can be futile in a substantial proportion of treated cases. Therefore, beyond the conventional indicators such as the time window and neurological severity, the stroke physician needs to know the vital status of ischemic tissues in the individual's brain. Most (89%) of our patients achieved an acceptable level of recanalization, and the intervention began at a median of 272 minutes after stroke onset. Because the baseline treatment profile was comparable between the groups with sufficient and insufficient collateral circulations, the disparate clinical and radiological outcomes could reasonably be attributed to the baseline collateral perfusion. Our results are consistent with a recent suggestion that reperfusion is superior to recanalization in determining the fate of ischemic tissues. 30 A few limitation of our study should be considered. First, only a small number of patients were included and the analysis had a retrospective design. Second, for multiple clinical reasons, the final infarct volume was not measured in an MRI scan in every subject. Third, we were not able to determine whether a sufficient collateral circulation can sustain the ischemic brain or merely represents a restricted magnitude of the ischemic insult at the time of imaging. Fourth, although the site of occlusion may be an important determining factor of the collateral status, we did not analyze this further due to small number of subjects. Finally, we were not able to clarify all the possible mediating factors, such as the change in the infarct volume between before and after recanalization treatment.
This study found that a sufficient baseline collateral status in acute ischemic stroke patients was associated with improved functional recovery and decreased mortality rate at 3 months after stroke, and that this was partially mediated by a reduced volume of the final infarct tissue. It may be inferred from our results that advanced neuroimaging techniques and assessing the status of the collaterals at the Sylvian fissure and leptomeningeal convexity may be useful when deciding how to treat hyperacute ischemic stroke in individual patients. Since our study involved only a small number of cases, further studies with prospective designs and larger numbers of patients are warranted.
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